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NATIONAL ADVISORY GOMMITTEE-FQR.AERONAUTIGS
TECHNICAL NOTE NO. 373

INVESTIGATION OF THE DISCHARGE RATE OF A
FUEL-INJECTION SYSTEM
By Harold O. Gerrish and Fred Voss

Summazry

. In connectigh\with the development of é ﬁethod for analyz-
ing indicator cards taken from high-speed compression—ignifipn
engines, this inﬁestigation was underfaken to determine the av-
erage quantity of fuel discharged during each crank degree of |
the injection perlod The fuel discaarged by a cam-operated
pump and automatic injection valve was collected in a rotatlngu
receiver. The weight of fuel discharged per unit time was
determined for ﬁérious crank-angle positions ovér the.entire
injection pefiod. | |

The résulﬁs.show that 98 per‘cent éf the fﬁel was dis-
charged during an infer#al of 25 degrees, whereas the duration
of the period from the start to the stop of the fuel spray was
68 degrees. The duration of the period as.obtained in these
tests checks with the résults obfaihéd with the-oscilloscope.'
During ‘the 239 crank de crees after the start of injection and
the 14 degrees before the stop of injection only 3 per cent of

the total weight of fuel is discharged.
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The rate of fuel injection continued to increase for 7 de-

grees after the pump by-pass valve opened. Calculations show

that this interval is required for the pressure wave in the fuel

to travel from the by-pass valve to the injection nozzle.
Introduction

The interpretation of indicator carde taken from compres-—
sion—ignition engines is difficult because of the variation in
the weight and heat contents of the mixture during the engine
cycle due to the injection of the fuel. The intérpretation
requires, among otﬁer things, a knowledge not only of the time
of start and cut-off of the fuel spray, but also of the rate of
fuel injection. o

De Juhasz (Reference 1) developed an apparatus for deter—
mining the rate of fuel discharge using a constant-pressure
injection system. He utilized a stationary receiver located
opposife &8 cam—actuated injection valve. Between the recelver
and the va;ve was a rotating disk with a slot. By means of
this apparatus De Juhasz obtained some valuable results on the
angular raﬁe of fuel discharge. He found that by incressing
the'oil pressure the period of injeotion was increased and that
the maximum rate occurs earlier in the period; and that the
rate of discharge was more uniform at higher camshaft speed and

with smaller orifices.
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The purpose of this investisetinm was to determine the rate
of fuel discharge fron a cas-oserated puwp and automatic injec-—
tion valve for a consteant setting of the fuel pump controls and
a speed of 750 revolutions ner uinute. The investiration wa.s
conducted at the Laangley Hemorial‘Aerenautical_Laboratory of the

Hational Advisory Committee for Aeronautics at Langley Field, Va.
Llethod and Apparatus

The metnod adoeted by the anthors of determlnlnp tqe rate of
fuel dlscharge dlffered fron taat of De Juhasz 1n that a rotating
receiver wes emnloyed qus method e11ﬁ1na+ed the rotatlnr disk
and nermltted a reduction in the dlstance between the nozzle and
the receiver. The Nethod was esne01ally sultmole for fuel valve
nozzles producing W1de ang‘e oxr muTtlule snrays R _

The annaratus ueed for determihiﬁp tqe rate of fuel discharge
is shown in Flgure 1. It oon81sted 0r a 1“ue]_ injection syetem a
rotating receiver asseﬁbly, and a revolutlon counter

The injection system consisted of a cam—actuayed fuel-injec-
tion pump, supvly and discharge 11nes, sﬁn?ly taﬁk fuel coolerl
injection valve, nrlmary fuel pump, and pressure. gauges The in-
jection pump was clamned to a block whrch was concentrlc w1th the
flywheel shaft on wﬁrch was fixed the varlable acceleratlon cam

that actuated the pumn. Levers whlch control the time of closing

and onening of the pump by-pass valve are shown at the top of the

pump.
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A detail drawing of the injection pump is shown in Figure
3. It differs from the pump as actually used only in having,
micrometer screws for controlling the position of the start and
stop cams instead of levers. The start and stop cam blocks con~
trol the closing and opening of the by-pass valve, thus changing
the time and period of injection. ' The shifting of the'position
of the control blocks, combined with the variable velocity can,
varies the quantity and rate of fuel discharge. Figure 3 ghows
the plunger displacenent plotfed against crank angle. Theitime
of closing and opening of the pump by-pass valve as used. during
ﬁhis invéstigation is also indicated.

The injection valve used was an automatic, gpring—loaded
valve (Fig. 43), The nozzle used had seven orifices in one

plane and is shown in detail in Figure 4b. The injeotion tube
| was of steel, 1/8 inch inside diameter and 36 inches long.
During this investigation the valve opening'pressure was 3?000
pounds per square inch; the maeximws injection pressure during
injection, 5,700 pounds per square inch; and the primary pﬁmp
fuel pressure; 150 pounds per square inch.

Ihe'fuel used was & grade of Diesel enginc oil having a
specific gravity of 0.847 and a Saybolt Universal viscosity of
41 secopds at 80° . Ite temperature was kept at 80° 7. by a
water cooler.

The rotating receiver assembly consisted of a flywheel and

a spray receiver. An electric motor was used to drive the fly-
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wheel at 750 revolutions per ninute by means of a leather belt.
The flywheel and the receiver were surrounded by a 1oosely fit-
ted sheet—metal casing. The 0331ng was connected to an exhaust-
ér that removed the oil vapore and also the oil thrown off by
the flywheel. In Figure 1 the casing cover is raised to'showzl
the location,of the receiver. B ‘

The duialumin receiver used is shown in Pigure 5. The
steel tip wae de81gned to prevent the creeping or spattering of
011 into the orifice as the receiver passed through the fuel
spray. The center line of the receiver was 7. 00 1nchee from the
ax1s of rotation and the width of the orifice was eoual to the
lengﬁh of a 1—degree arc at this radius. The 1ength of the ori—
fioe (O 416 inoh) was slightly greater than the width of the’
spray when the distance between the receiver orifioe and the in-
jection nozzle was 1/18 inch. During this investigation the
elearanoe between the receiver and the injection nozzle was 0,054
inch. ' |

Thé‘téé% procednre'was as follows: when the emﬁty receiver
was'rofating'at the desired speed and the primary oil pressure
at the desired value, the spray was started by wmoving the control
levers to the proper position. Simultaneously with the moving of
theseAlevefe, the stop watch and revolution Gounter were started.
Afte; a given ndmber of injections, depending upon the'pait of
the:discnarge period being investigated, the.oontrol levers were

moved'to'the stop position and the timing mechanisem stopped. The
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increase in the weight of the recelver was considered as the
welght of fuel discharged. By changing the angular position

of the pump, othor parts -of the discharge poriod were similarly
investigated.

The average quantity of fuel discharged per injection was
determined by collecting in a bottle the fuel discharged from
the injection valve for a known number of injections. Absorb-
ent cotton was placed between the injection valve and the bot-
tle neck to collect any vapors or spattered oll.

An oscilloscope (Reference 3) was used to determine the
injection lag which is the time, or equivalent in crank degreos,
between the closing of the pump by-pass valve and the start of

the spray at the injection nozzle.
Test Results and Discussion

Table I, column 3, gives the average rates of fuel dis~
charge for several observations for each point. This is tho
weight of fuel discharged by the injection system per degree
of crank angle for various intervals during the injection
period. The rate curve (Fig. 8) was plotted from these data.
The deviations from the average observations given in column
2 were less than 43 -per cent for all test points except four.
Three of these were either at the start or stop of the injec-
tion period where the fuel collected was very emall, even in

1,000 injections. The fourth poinf was nesr the peak of the
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curve and the deviation was 4.5 per cent fron the average. Af-
ter the rate of injection curve was approximately established,,
intermediate points were taken and a smooth curve could be drawn
through all the points obtained, indicating gqod reproducibilipy
of the data. _ L |

The total weight of fuel discharged up to various pointg_of
the injection periocd is given in Tablg I, column 3, and ig ﬁlo#—
ted as the weight curve in Figure 6. This curve was der;ved‘from
the rate curve by mechanlcal 1ntegrat10n . -. |

The average quantity of fuel dlscharged accordlng to the
bottle tests was 0,000364 pound per injection, but that deter-
mined by integrating the rate curve wag 0.000392 pound per in;
Jjection, an increase of 9.6 per cent over that col%ggjgdfin.the
bottle. This error may be .caused by oll vapor being drawn into
the receiver by jet action, by.ﬁhg_detqrmiggt;on_of the rate of
discharge for too large an interval @u:ipgfthe_injggtipn period,
or by a combination of both.. . _ o _ _

Because of the high velocity of the fuel jet and the-vié~
cosity of the air surrounding the_jet? an excess Quantity:of
fuel may have been drawn into the receiver from the spray within
the casing.

The interval of injection measp:ed,‘as &etermined.by_the
‘width of the orifice, affects the results 5ecause; as the inter—
val increases, the fuel collected divided by the interval would

give an average value per crank degree that, when plotted, might
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give s larger or smaller value than the_instanfaneous value.

The value might be equal to the instantaneous value, depending
upon the shape of the rate curve. It is advisable to make the
width of the receiver orifice such that the quantifies collected
wlll more mnearly approach ingstantaneous values instead of mean
values., _

Figure 3 shows that the by-pass valve closed at 68 crank
degrees before top center, while Figure 8 shows that the receiver
was able to collect fuel at 34 crank degrees before top center
and not earlier, although the quantity was very small and does
not show in the figure. The injection lég ig therefore 34 de~
grees, and checks exactly the lag as Tound by means of the
oscilloscope. '

It will be noted in Figure 8 that the injection period is
68 crank degrees. However, from a practical viowpoint, the use-
ful injection period could not be considered to be more than 25
crank degrees, because the results show that during the 39 crank
degrees after the start of injection and the 14 degrces before
the stop of injection only 2 per cent of the total weight of
fuel is discharged.

The peak of the rate curve in Figure 6 occurs at 10 degrees
after top center, and according to Figure 3 the by-pass valve
opens at 3 degrees after top center. The advance of the peak is
due to the time required for the pressure wave to travel from

the by-pass valve to the injection valve nozzle. This is in
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agreement with the resul%s‘shown by Rothrock (Reference'sj.
Calculations show that if the bulk modulus of elagticity E of
the fuel oil is taken as 284,000 vounds per square inch (Refer-

ence 4), then in the equation
V=2

where V 1is the veiocity of the préssure wave in the fuel,?
the density, and g +the gravitational constant, the value of
v is‘59,900 inches per secépd. Since the length of the oil
path from the pump by-pass valve to the injectidn nozzle is'BQ
inches, the advance of the peak of the rate curve should be_
39/59,900 secondsfor approximately 6 crank degrees; Wheréas; it

was 7 crank degrees.
Conclusions

These tésté with the rotating receiver showed -that 98 per
cent of the fuel was discharged during an interval df 35 degrces,
whereas; the &uration,of the period from the start to the stop
of the fuel spray was 68 degrees. The duration of the period as
obtained in these tests checks with the rcsults obitained with
the oscilloscope. The results show that during the 39 crank de-
grees after the start of injection and the 14 degrecs before the
stop of injection only 2 per ccnt of thc total weight of fuel is

discharged.
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The rate of fuel injection continued to increase for 7 de-

grees after the pump by-pass valve opened. Calculations show

that this interval is required for the pressure wave in the fuel

to travel from the pump by-pases valve to the injection nozzle.

Langley Memorial Aeronautical Laboratory,
National Advisory Oommittee for Aeronsutics,
Langley Field, Va., April 6, 1831.
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TABLE I

373

Total Weight and Rates of Fuel Injection

11

Crank Angle,

Rate of Fuel

Total Weight of Fuel

Discharged, Discharged?
degrees 1b. /deg. 1b.
B.T.C. -8 -8

34 0.00 x 10 0.0 x 10
36 0.01 —
-18 0.04 —-—
14 0.11 0.4
13 0.25 ——
10 0.31 1.6
8 0.81 —
6 2.12 6.0
4 —_ 13.6
3 10.55 28.
T.C. 14.99 - b4.¢
2 —— 8?-0 .
4 20.84 137.6
8 — 171.3
8 34.47 318.4
10 85.35 268.
11 35.13 —_——
13 83.48 31l7.6
13 19.73 ——
14 15.99 357.6
15 11.30 —_—
16 5.08 378.0
17 3.14 ——
18 1.84 320.0
30 1.02 —_
33 —_— 394.4
34 0.70 ——
26 0.63 397.3
30 0.18 398.8
34 0.06 399.4
A.T.C.

* Obtained by mechanical integration.
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Fig.l Fuel—injection appara‘bus.
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Flg.b Bectional view of receiver.
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